Abstract. Amorphous silicon nitride is a model system for a covalently bound amorphous solid with a low atomic mobility where reasonable values of self-diffusivities are still lacking.
solid with a low atomic mobility where reasonable values of self-diffusivities are still lacking.
We used neutron reflectometry on isotope enriched Amorphous solids differ from their crystalline counterparts by the absence of long range order and are metastable in a sense that they may transform into the crystalline state by heating the material at elevated temperatures. The thermal stability, the stability against environmental impact, and structural relaxations of non-crystalline solids are essentially influenced by self-diffusion of the elemental constituents. Extensive studies on self-diffusion were carried out in recent years on oxide glasses [1, 2] and metallic glasses [3] . Up to now, however, no systematic studies are available for non-oxide covalently bound amorphous solids, like silicon, silicon carbide, and silicon nitride [4] . This is due to the fact that it is extremely difficult to perform successful experiments with conventional methods on such materials. Commonly, diffusion experiments are carried out by measuring the modification of a tracer distribution (radioactive or stable isotopes) after annealing at elevated temperatures by sputter sectioning or secondary ion mass spectrometry (SIMS) [5] . Thus, tracer isotopes are deposited by ion-implantation, by isotope-exchange from the gas phase, or by deposition methods like chemical vapor deposition or pulsed laser deposition. However, for the essential constituents of non-metallic amorphous solids no suitable radioactive tracers are available for the performance of extensive measurements, because of a too short half-life period of radioactive Si, B, C, O, and N isotopes. This fact prevents or at least extremely complicates the use of the standard radiotracer technique, which is the state-of-the-art method in diffusivity determination in metals and intermetallics due to its high detection sensitivity. To circumvent this problem, it is necessary to use rare stable isotopes whose natural abundances reduce the respective dynamic ranges of the tracers. In covalently bound solids, selfdiffusivities are very low due to the high binding energy of the components in the order of 3 -4 eV. Thus, diffusion experiments have to be carried out with high resolution depth profiling methods like SIMS, where diffusion lengths down to 5 nm can be measured. However, such diffusion lengths are often still too large for covalent amorphous materials, which start to crystallize before any measurable diffusion occurs.
In order to perform self-diffusion measurements on a covalently bound amorphous solid we choose amorphous silicon nitride (Si 3 N 4 ) as a model system. Thin films of silicon nitride exhibit a variety of attractive properties, like high hardness, chemical stability, a high dissociation temperature, high thermal shock resistance and a wide band gap. They are used in mechanical, optical and electronic applications in various branches of technology (for a review see e. g. [6] ). In this work, diffusion measurements were carried out on isotopically Homogeneous amorphous Si 3 N 4 layers were produced by reactive r. f. magnetron sputter deposition using a mixture of 50 vol. % argon and 50 vol. % nitrogen in combination with a silicon target. As substrates, single crystalline Si wafers and also polished polycrystalline SiC disks were used. The elemental composition of the sputtered layers was measured by nonRutherford backscattering spectroscopy to be stoichiometric Si 3 N 4 [7] . The O impurity concentration was determined to be less than 0.2 at.%, and the hydrogen content was measured to be about 0.2 at.% by additional nuclear reaction analysis. Structural characterization of the layers was carried out by X-ray diffractometry and Fourier transform infrared spectrometry both confirming the amorphous state of the material. First traces of crystallization (about 5 at. % of crystallized phase) were detected after annealing the layers for 10 h at 1300 °C [7] . For the diffusion measurements, isotopically enriched multilayers of Under the assumption that the diffusion process is similar to a conventional point-defect mechanism, the activation enthalpy of diffusion can be considered as the sum of an enthalpy of formation and an enthalpy of migration of the diffusing species (vacancies, interstitials, complexes). The formation enthalpy of a nitrogen vacancy is calculated to be between 3.1 and 6.5 eV (in crystalline Si 3 N 4 ), depending on the exact chemical composition (N-rich or Si-rich limit) [11] . These values are larger than or close to the lower limit of the experimentally measured activation enthalpy of diffusion. Thus, it appears unlikely that diffusion takes place via thermally equilibrated point defects. In contrast, a direct mechanism without the mediation
of these defects is more plausible where the diffusing atoms can jump into a vacant neighboring site. Such vacant sites can be identified with excess free volume which is formed during deposition with magnetron sputtering. Consequently, the activation enthalpy of diffusion is essentially determined by the migration enthalpy alone.
Also shown in Fig. 3 are nitrogen diffusivities in polycrystalline Si 3 N 4 as determined by SIMS [12] . They exhibit a higher activation enthalpy of (4.9 ± 0.4) eV and also a higher preexponential factor of 1 x 10 -6 m 2 /s leading to about one to two orders of magnitude lower diffusivities in the temperature range investigated. In contrast to amorphous silicon nitride, an activation enthalpy in this range is more compatible with a diffusion mechanism mediated by thermally activated point defect motion [12] .
In Fig. 4 nitrogen diffusivities are shown which were determined for annealing times of 1 h, 4 h, and 14.5 h at 1150 °C. The diffusivities decrease by about one order of magnitude with increasing annealing time. This indicates that structural relaxation plays a considerable role, where a metastable amorphous state is transformed into a more stable but still amorphous state. During this process free volume and consequently the number of defects responsible for diffusion may decrease with annealing time due to defect annihilation. As a result, diffusivities decrease also. After annealing for about 4 h, a relaxed amorphous state is reached, where further annealing does not alter diffusivities. Similar effects are also observed e.g. for metallic glasses [3] . The diffusivities plotted in Fig. 3 are all derived for long annealing times, so that they correspond to the well relaxed state.
A comparison of the present results to other types of materials is given in Fig. 5 where the activation enthalpy of diffusion is plotted versus the logarithm of the pre-exponential factor.
Literature data of crystalline metals [3] show a correlation between ∆H and D 0 (straight line I), which is often interpreted as an indication for a common or similar diffusion mechanism.
For crystalline metals a diffusion mechanism with localized point defects (mainly vacancies) is operating. Also included in line I are recent data for typical single crystalline semiconductors like Si [13] , Ge [14] , and GaAs [15] which show no significant deviation from that line within an estimated error range of log D 0 = ± 1. For semiconductors, diffusion via point defects which are extended over several neighboring lattice sites is assumed [16] .
Completely different are the data for metallic glasses (line II), where a typical collective diffusion mechanism is observed [3] . Here, several atoms participate in the jump process and Fig. 5 are data for the diffusion of Si [17, 18] and O [19] in glassy SiO 2 (for an overview see Refs. [2, 20] ) where also considerably lower pre-exponential factors are found. A key structure element of amorphous Si 3 N 4 is tetrahedrally coordinated silicon, where the nitrogen atoms are connected to a three dimensional amorphous network structure [21] . For glassy SiO 2 the basic structure element is a SiO 4 tetrahedron, which is quite similar to a SiN 4 tetrahedron, however, with a more ionic bonding. As given in Fig. 5 by a dashed line the data of amorphous Si 3 N 4 and glassy SiO 2 also indicate a correlation between ∆H and D 0 . According to these observations, short-range ordered tetrahedra seem to play a fundamental role in the description of atomic motion in these materials. However, this does not necessarily mean that SiN 4 tetrahedra are the diffusing species. SiN 4 tetrahedra can be regarded as structural building blocks (like SiO 4 tetrahedra) which are characteristic for diffusional motion due to the specific short range order. As diffusing species, nitrogen atoms but also molecular fragments SiN x (x = 1 to 4) are possible.
In conclusion we used neutron reflectometry on isotope enriched [19] , Si in thermally grown SiO 2 ( ) [17] , and in fused SiO 2 ( ) [18] . Also shown are crystalline metals (line I) [3] and bulk metallic glasses (line II) [3] . 
